T
HE issue of the method of removal of blood and other particulate matter from the cerebrospinal fluid (CSF) remains in dispute, despite the efforts of a large number of investigators employing a wide variety of experimental approaches. If one accepts the notion that in arachnoid villi there are open channels of communication between the subarachnoid space and the blood in the superior sagittal sinus then the problem ceases to exist. There is as yet, however, no convincing microanatomical evidence for open channels between the subarachnoid space and the lumen of the superior sagittal sinus; the preceding paper 1~ may be referred to for a consideration of mitigating aspects of evidence adduced to demonstrate their existence.
In the course of our study of the fine structure of arachnoid villi and the CSF pathway, observations have been made that help explain the means by which material normally foreign to the CSF may be removed. These observations also may be of use in the interpretation of certain experimental data, particularly those reports that purport to demonstrate open channels of communication between the CSF and blood.
Methods
The normal material serving as a basis for comparison of the experimental material in the present report included the Macaque monkeys of the preceding paper 14 and one normal young adult mongrel dog sacrificed in apparent good health. The experimental material consisted of 10 adult mongrel dogs ranging in weight from 12 to 22 kg and one adult Macaque that had been subjected to total right trigeminal rhizotomy 1 week prior to sacrifice.+ The monkey's recovery from surgery was uneventful, and he was apparently in good health at sacrifice.
The experimental dogs were anesthetized with sodium pentobarbital and subjected to slow intracisternal injection of either 20 or 200 mg of horseradish peroxidase (Sigma type II) in 1 cc of saline after 1 cc of clear CSF had been allowed to drip from the needle. The dogs were sacrificed by cardiac perfusion fixation at intervals ranging from 20 min to 8 days following the peroxidase injection. The perfusate and the method of perfusion were the same as those described in the preceding paper 1~ except that, for the larger dogs, a larger cannula was used. Under these conditions the initial fixative flow rate exceeded the 2 liter per min maximum of the flowmeter. After 1 to 2 min, however, the flow rate was reduced as already described.
In the case of the monkey and the control dog, the tissue was processed as previously described. In the experimental series of dogs, the superior sagittal sinus was removed, trimmed, and fixed an additional 2 hrs in the aldehyde fixative, and then stored overnight in the buffer mixture as a means of washing the tissue. The next day, segments of the sinus wall were incubated in Graham and Karnovsky's substrate; and post-fixed in osmium tetroxide. Subsequent procedures followed the methods described in the previous paper.
Results
Our observations concerning arachnoid villi in the normal dog are in accord with those of Alksne 1 in the dog, the preceding paper in the monkey, 13,14 and in many respects, insofar as cytology is concerned, with those of Jayatilaka 9 in sheep. The dog mate-rial is a part of a series of studies on the CSF pathway employing the peroxidase method which will provide the basis for a future communication. The observations of interest in the present report relate to changes apparently induced as the result of the presence of erythrocytes (due to the prior surgical procedure) and the presence of a foreign protein, peroxidase.
The normal arachnoid villus (see Fig. 1 of the preceding paper'D consists of a herniation or protrusion of the arachnoid membrane, which normally underlies the dura, through the dura and into the sinus lumen, carrying with it the endothelial lining of the sinus. The space within the villus is continuous with the subarachnoid space, and the endothelial investment effectively partitions this space from the lumen of the dural venous sinus. The arachnoid cells in the villus are distinctive cytologically, and are indistinguishable from arachnoid cells elsewhere. They contain filamentous material, occasional small dense bodies similar to lysosomal residual bodies, and numerous micropinocytotic vesicles arranged along the plasma membrane. Additionally, in the subendothelial space, large cells were commonly enco:mtered containing variable quantities of very dense membrane-bounded bodies. These cells appeared similar to macrophages seen in other tissues. The origin of these cells became evident upon examination of the experimental material.
In the monkey 1 week following surgery, numerous erythrocytes were observed in the subendothelial space, presumably trapped there as they are when deliberately introduced into the cisterna magna (Alksne'-'). No evidence of passage of intact red cells through the endothelium was observed, although this does not mean that some diapedesis of red cells could not occur. The arachnoid cells establish intimate positional relationships with the trapped red cells ( Fig. 1 ) and appear to phagocytose them. The macrophages become filled with dense laminated bodies ( Fig. 2) as the red cells are destroyed. The fate of the constituents of the erythrocytes cannot be followed in a study such as this, but the proximity of many debris-filled phagocytes to the endothelium suggests the possibility that some of the products of red cell digestion may be disgorged from the macrophage into the general circulation for disposal or re-use elsewhere. This appears especially likely in the case of ferritin (Fig. 1) .
The digestive process appears to occur in part extracellularly, as if the red cells are divided up into fragments of manageable size. Intact red cells inside phagocytes were not observed.
Macrophage activity probably was not confined entirely to arachnoid cells, as polymorphonuclear leukocytes were observed in significant numbers in the monkey, possibly providing an additional source of phagocytic activity. It could not be determined whether these were all spilled into the CSF along with the red cells during the minimal postsurgical bleeding or if they migrated into the villi later. Their numbers were such as to suggest that the latter might be more likely, and our observations of the peroxidase material are consistent with this interpretation (Fig. 3) .
The introduction of a foreign protein* (in this instance horseradish peroxidase) elicits a prompt response from many of the arachnoid cells, especially those bordering on the subendothelial space. This material is carried to the arachnoid villi where it accumulates under the endothelium and is adsorbed onto collagen bundles. The arachnoid cells apparently engulf the material and sequester it in vacuoles, presumably in preparation for lysosomal digestion (Figs. 4-6) .
The earliest change apparent in the arachnoid cells involves withdrawal of processes and dissolution of desmosomes, presumably in preparation for motility (Fig. 4) . The cytoplasm contains large watery-looking vacuoles with peroxidase reaction product located within them (Figs. 4 and 5) . The contents of these vacuoles is apparently condensed; at later stages of macrophage activity, the cells display dense accumulations of reaction product. Not all arachnoid cells respond in this fashion immediately, although the population seems to become progres-* This is a tracer method utilizing the enzyme (molecular weight = 43,000) as a protein whose location at sacrifice can be demonstrated upon incubation in an appropriate substrate (see Reese and Karnovsky ' ' for an example in the CSF pathway). In this method the reaction product of enzyme activity is intensely osmiophilic and its location (hence that of the peroxidase) is readily detected with the electron microscope.
Fro. 1. Subendothelial space of an arachnoid villus of a monkey 1 week after intracranial surgery. A red ceil, R, is partially surrounded by an arachnoid macrophage, A. Its density is substantially below that of normal erythrocytes in tissue prepared by identical methods, suggesting that it is undergoing some sort of extracellular dissolution. Dark ovoid profiles nearby may be fragments of erythrocytes of a size suitable for macrophage ingestion. Dense fibrillar material (arrow) is probably fibrin. Immediately below the endothelium separating the subendothelial space from the sinus lumen, L, is a granular profile, F. It is impossible to determine as yet whether this profile is part of a partially degraded erythrocyte or a ferritin-filled macrophage process, perhaps preparing to disgorge ferritin into the general circulation. Lead citrate, • FIG. 2 . Subendothelial space of an arachnoid villus of a monkey, one week after intracranial surgery, displaying macrophages, M, believed to be derived from the arachnoid. The rough endoplasmic reticulum, er, is quite similar to that of normal arachnoid cells. The pleomorphic inclusions, i, are presumed to be derived principally from erythrocyte digestion. The sinus endothelium is to the left and a junctional complex between the endothelial cells is indicated (arrow). Lead citrate, X26,650. Presumably the arachnoid cell is relatively inefficient as a proteolytic macrophage, inasmuch as at 8 hrs after injection the ingested peroxidase molecules are sufficiently intact to still work as an enzyme. In Fig. 6 an arachnoid cell filled with enzyme is apparently undergoing dissolution, and nearby leukocytes appear to be undertaking the macrophage's task. At this time, much debris is seen extracellularly and cell fragments are commonly found displaying cytoplasmic enzyme activity. We presume the peroxidase in large volumes is too toxic to be tolerated by the macrophages of arachnoid origin, whereas the leukocytes, perhaps more efficient scavengers, appear able to destroy the enzyme in lysosomes at a sufficiently rapid rate to avoid injury. By 8 hrs after injection, it is difficult to find normal arachnoid cells in the villi, especially after the injection of 200 mg of peroxidase. The structure is filled instead with phagocytes derived from the villus ceils, and from invading polymorphonuclear leukocytes. Some of these cells apparently invaded from the sinus lumen, since occasional leukocytes are found stuck to the lumenal surface of the endothelium and several instances of leukocyte diapedesis have been observed (Fig. 7) . Their direction of movement is inferred to be into the villus, because that part of the cytoplasm within the villus has taken up peroxidase while the portion in the sinus lumen is relatively free of the enzyme, perhaps because it has not yet been exposed to it.
No attempt was made to evaluate the possible activity of endogenous peroxidase in leukocyte granules as contributing to the reaction product demonstrated in this study, FIG. 5. Dog arachnoid villus core 1 hr after injection of 200 mg peroxidase. The cytoplasm in this region is almost entirely occupied by a lobulated vesicle or cyst containing a homogeneous electron translucent material and many small beads of reaction product. To the right, near the tangentially sectioned nucleus, the cytoplasm contains a population of vesicles. These are free of reaction product, hence it cannot be ascertained what, if any, relationship they have to phagocytosis. In the upper right corner, a dense accumulation of extracellular peroxidase is indicated by the reaction product. The enzyme was apparently adsorbed onto collagen fibrils in the associated bundle. Lead citrate, X15,800.
but the fact that the activity was intense only in cells obviously favorably situated for phagocytosis of the injected material led us to believe this possible additional activity was minimal. There was minimal activity, for example, in leukocytes stuck to the endothelium but still within the sinus lumen.
During the 8-hr period after injection, enzyme activity is reduced, presumably because leukocytes destroy the protein. At the end of 1 week such activity is almost entirely gone and the arachnoid villus consists of collagen, some debris-filled macrophages of uncertain origin, some arachnoid cells with granular debris in their cytoplasm, and a surprising number of apparently normal arachnoid cells. The only detectable result of enzymatic activity is an occasional minute spot of reaction product in residual bodies of the remaining macrophages.
Discussion
The evidence presented clearly indicates that free erythrocytes in the CSF become entrapped in the arachnoid villi where they undergo destruction. They presumably are swept there by the normal currents of flow of CSF, and it is generally accepted that arachnoid villi constitute at least one route of CSF return to the blood. These currents undoubtedly also represent the mode of transport of the horseradish peroxidase to the arachnoid cells.
There is an ample body of literature sup-FIG. 6. Dog arachnoid villus core 4 hrs after injection of 20 mg of peroxidase. Several leukocytes, P, have surrounded an arachnoid macrophage, A. This latter cell is engorged with phagocytized enzyme, only partially enclosed in membrane-bounded vesicles. Presumably this cell has been overwhelmed by this material and is disintegrating. The plasma membrane can be detected only in a few regions and is clearly absent in others (,arrows), suggesting its rupture and dissolution. The presence of reaction product in leukocyte granules suggest that they are phagocytizing liberated peroxidase (and the arachnoid cell?). Lead citrate, X22,000.
porting, at the light microscopic level, the notion that arachnoid cells have phagocytic potential. 6,8 Arachnoid cells are well endowed with acid hydrolases, '~ and there is no reason on morphological grounds to suspect that the arachnoid cells in the villi are in any way different from those of the arachnoid membrane. Indeed, Alksne and White:' have demonstrated by electron microscopy that macrophages in the arachnoid villi can take up intrathecally injected ferritin.
The erythrocytes in arachnoid villi (whether introduced intentionally or due to hemorrhage) may "clog" up this filtration system temporarily (see for example McQueen and Jelsma~'), but ttle red cells ultimately disappear. It is neither necessary to postulate a pathway for whole erythrocytes through the endothetium to account for their disappearance from the villi, nor to account for the eventual appearance in the systemic circulation of the label from tagged red cells intentionally injected into the subarachnoid space. As soon as digestion of red cells begins, it is possible that label might "leak" from the cells undergoing dissolution. In any event, discharge of the products of intracellular digestion would account for label appearing in the blood. In those occasional experimental studies in which large volumes or pressures were employed, whole erythrocytes could rapidly return to the blood through ruptures in the delicate villus endothelium. The time involved in the return of labeled red cell components and protein to the general circulation in studies in which the pressures and volumes were kept within reasonable limits (Bowsher, ' DuPont, et al.,:') suggests accumulation in arachnoid villi and release to the blood in the manner we have described.
The entrapment of red cells and of the minute protein molecules of horseradish peroxidase is consistent with our interpretation of the ultrastructure of the villus as normally providing a "membrane" barrier between the CSF and sinus blood? .:~ ..... ~4.,,~ The provision of potential macrophage activity in villi at the site of that barrier would scarcely be ne=essary if CSF contaminants such as erythrocytes or protein normally were allowed free access to the blood, but it would be vital if the morphological barrier is a physiological one as well. Otherwise, the fil:er could ultimately become clogged with accunmlted debris liberated over time into the CSF.
One is accustomed to think of the bloodto-CSF barrier as a normal dynamic phenomenon. It is interesting to speculate on the implications of the reverse, namely, the CSF-to-blood barrier. Of special interest are the immunological implications of a barrier that is presumably capable of preventing brain proteins liberated into the CSF at injury or in disease from entering the systemic circulation. Could repeated failure of this barrier system lead to autoinduced allergic encephalitis? Such failures could provide a route for antigenic haptens to reach antibody forming organs. Kabat, et al.,'" found that a primate undergoing repeated injections of suspensions of his own (previously extirpated) brain tissue will develop allergic encephalitis. It would be of great interest to examine whether fine structural changes in the arachnoid villus can be identified under this circumstance.
Summary
The electron microscopy of the arachnoid villi of dogs following peroxidase injections into the cisterna magna, and of a monkey 1 week following intracranial surgery, has been described. The arachnoid cells display phagocytic capabilities with respect to the foreign protein (peroxidase) and the red blood cells (presumably liberated during the surgical procedure). Under the conditions examined, the activity of arachnoid cells and the Cerebrospinal Fluid 473 the invasion of the arachnoid villi by phagocytic leukocytes is consistent with the Flexner-Cushing hypothesis of a filtration-resorption mechanism operative in the return of cerebrospinal fluid to the systemic circulation. It was concluded that the appearance of a complete endothelial barrier between the subarachnoid space and the systemic circulation in addition to the arachnoid phagocytic capability probably reflects morphologically a dynamic state in which there is an effective barrier between the cerebrospinal fluid and the blood.
